In this study, we developed a simple and rapid restriction fragment length polymorphism (RFLP) method to distinguish the sibling species Hemigrapsus penicillatus and H. takanoi based on interspecific base substitutions within the 16S rRNA region of mitochondrial DNA. Sequencing and alignment of partial sequences revealed two haplotypes for H. penicillatus and one for H. takanoi, and five species-specific base substitutions. Digestion of the PCR products using the restriction endonuclease Dde I produced a banding pattern that was consistent with species identification based on morphological and pigmentation patterns. The sequence for H. takanoi collected in Japan showed high homology with that reported for specimens collected in Europe. This method could be useful for identification of these two species by researchers without specific taxonomic knowledge.
INTRODUCTION
The varunid crabs Hemigrapsus penicillatus (De Haan, 1835) and Hemigrapsus takanoi Asakura and Watanabe, 2005 are sibling species inhabiting the intertidal coastal areas in Japan and surrounding countries (Asakura and Watanabe, 2005; Asakura et al., 2008) . The two species were regarded as a single species until reproductive isolation between the two was detected by allozyme and morphological analysis (small vs. large setal hair patches on the male chelae; Takano et al., 1997) . Hemigrapsus penicillatus and H. takanoi were also subsequently separated by the size and distribution of dark spots on the cephalothorax, pleon, third maxillipeds, and chelipeds, as well as the morphology of the first pleopod in males (Asakura and Watanabe, 2005) . Following the classification as sibling species, H. takanoi was treated as a distinct species in non-taxonomic studies within its native range (Mingkid et al., 2006a, b; Shinji et al., 2009; Doi et al., 2009) .
Hemigrapsus takanoi is an invasive species along the coasts of France, Spain, Belgium, and Netherlands. Populations of this species in Europe have been previously considered to be of H. penicillatus, but recent studies using pigmentation and morphological characteristics indicated they are actually of H. takanoi (Asakura and Watanabe, 2005; Asakura et al., 2008) . However, discrimination between the two species based on external appearance is difficult in some cases. For example, some males, small juveniles, and specimens preserved for a long period in fixative solutions do not show the clear pigmentation pattern on the ventral side, which is usually the clearest identifier (Asakura and Watanabe, 2005; Asakura, 2006) . Likewise, unpigmented males with small setal hair patches on the chelae and males having first pleopod with intermediate morphological characters, e.g., with a straight tip and straight setae but only a single slit at the tip, have been identified among wild populations (see ''mixed characters''; Fig. 2C of Mingkid et al., 2006a) . In addition, the morphology of the zoea of H. takanoi has not been described and careful examination might be necessary for species identification of very young animals within Hemigrapsus (Lee and Ko, 2008) .
Protein electrophoresis has been used to discriminate the two species of Hemigrapsus genetically (Takano et al., 1997) , but this method can be applied only for fresh specimens or for those that have been adequately stored at sub-zero temperatures. Preliminary studies have shown the possibility of discriminating these two species by means of molecular methods (Asakura et al., 2008; Yamasaki et al., unpublished observations) , but straightforward methods have not been developed. Rapid, reliable, and simple identification methods would be useful for the historical reconstitution of invasions and the timely analysis of ongoing events involving H. penicillatus and H. takanoi. In this regard, molecular-based methods are quite effective, JOURNAL OF CRUSTACEAN BIOLOGY, 31(4): 577-581, 2011 especially for researchers without taxonomical knowledge and experience on the taxa under examination.
In this study, we focused on the large subunit ribosomal RNA (16S rRNA) from the mitochondrial (mt) DNA, which is one of the most frequently used regions for molecular analysis of crustacean systematics (Schubart et al., 2000a) . We examined the difference between partial sequences of mtDNA 16S rRNA from H. penicillatus and H. takanoi and developed a restriction fragment length polymorphism (RFLP) method to distinguish the two sibling species. The RFLP analysis of mtDNA sequences is one of the most effective methods for discrimination of species because it is simple and permits the assay of large numbers of samples (Yamasaki et al., 2006) . The results of this study provide experimental support to the arguments of Asakura et al. (2008) on the validity of the sibling species status.
MATERIALS AND METHODS
A total of 298 crabs were collected from 8 locations covering five coastal areas where both forms are likely to occur in Japan ( Fig. 1 ; see details of the locations in Table 1 ). Specimens were brought alive to the laboratory, numbered, sexed, and stored individually in plastic bags at 220uC until used for the following analyses. All individuals were treated as ''unknown species'' until the completion of morphological and pigmentation analyses. They were then classified as either H. penicillatus or H. takanoi, following criteria from previous studies (Takano et al., 1997; Asakura and Watanabe, 2005; Mingkid et al., 2006a ; Table 1 ). Briefly, the analysis involved observation of pigmentation patterns on the mandible and the ventral side of the cephalothorax and pleon in both sexes and of the size of the setal hair patches of the chelae in males. Animals were tentatively classified as having ''mixed characters'' when they differed from the paratypes or when they had unclear pigmentation pattern. Based on this analysis, 165 and 120 crabs were classified as H. penicillatus and H. takanoi, respectively, and 13 had mixed characteristics (Table 1 ).
Total genomic DNA was then extracted from muscle tissues of all individuals using either DNeasy Blood & Tissue Kit (Qiagen K. K., Tokyo) or the standard protocol with phenol/chloroform. Extracted DNA was dissolved in 15-50 mL of distilled, ion-exchanged (DI) water. This solution was further diluted in DI water to obtain 100 mg/mL for the PCR template. The PCR primers used in this study to amplify mtDNA sequences in the 16S rRNA region, HP16s55F (59-TGG CCG CGG TAT TTT GAC CG 39) and HP16s55R (59-CTC ACG CCG GTT TGA ACT CA 39), were designed based on sequences for Hemigrapsus available in GenBank. Amplification was carried out in 10 mL volumes of 1 3 Taq buffer (Takara Bio, Otsu, Japan) containing 0.25 mM dNTPs, 0.1 U of TaKaRa Ex Taq (Takara Bio), 50 pmol of each primer, and at least a 500 ng of template DNA. The amplification profile used an initial denaturation step of 180 s at 94uC, followed by 35 cycles of denaturation at 94uC for 30 s, annealing at 50uC for 30 s, and extension at 72uC for 150 s. The final extension step was 72uC for 180 s. All amplified products were purified using ExoSAP-IT for PCR Product Clean-Up (USB, Corp., U.S.A.). The PCR products from 18 clearly identifiable individuals, 11 H. penicillatus and 7 H. takanoi, were then used for sequencing.
The sequences obtained were aligned visually and compared using the multisequence editing program MEGA, version 4.0 (Tamura et al., 2007) . For comparison, sequences deposited in GenBank for H. sanguineus (De Haan, 1835) (accession number AJ493053) collected in Croatia (Schubart, 2003) and H. penicillatus (accession number AJ278835) collected in France (Schubart et al., 2001) were also included in the analysis. One restriction endonuclease (Dde I) was selected to distinguish H. penicillatus and H. takanoi following the results of sequencing (see Results and Discussion). The PCR products from all 298 individuals were then digested according to the endonuclease manufacturer's specifications and the fragments were separated by electrophoresis on 2.5% agarose gels, (Schubart et al., 2001; AJ493053) . Arrows indicate presumptive restriction sites of Dde I (cleaving at C/TNAG).
stained with ethidium bromide, and visualized under ultraviolet radiation. The digestion fragment patterns were used to determine haplotypes and to compare the results of RFLP-and morphological-based classifications.
RESULTS
Two sequences with 432 base-pairs (bp) and no indels were determined for the specimens of H. penicillatus sampled in Japan (GenBank accession numbers AB560765 and AB560766) and they differed by only one nucleotide ( Fig. 2 ; Table 2 ). One sequence of 211 bp was obtained for the specimens of H. takanoi (GenBank accession number AB560767). The comparison of equivalent sequence regions for H. penicillatus and H. takanoi sampled in Japan revealed a total of five species-specific variable nucleotide sites (sites numbered 30, 138, 155, 198 and 207) and 5-6 actual substitutions, including one site (138) that was a restriction site of Dde I ( Fig. 2 ; Table 2 ). A sequence registered in GenBank as ''H. penicillatus'' for materials collected in France (Schubart, 2003) showed highest homology to our samples of H. takanoi rather than H. penicillatus. On the other hand, the differences between the sequences for H. penicillatus and H. takanoi were minor compared to those between the two species and H. sanguineus (Table 2) . Based on the above results, the restriction endonuclease Dde I (cleaving at C/TNAG) was selected for the RFLP analysis. The digestion pattern was characteristically different between individuals classified morphologically and by pigmentation as H. penicillatus (n 5 165) and H. takanoi (n 5 120) (Fig. 3) . All of the individuals classified as having ''mixed characteristics'' or unclear pigmentation pattern (see Materials and Methods; Figs. 2C and 2D in Mingkid et al., 2006a) showed fragments of the same size as H. penicillatus.
DISCUSSION
The results of RFLP analysis were entirely consistent with the morphological and pigmentation-based identification of H. penicillatus and H. takanoi across their native range. Therefore, the molecular method developed in this study appears to be effective for the identification of these sibling species. Our results suggest that H. penicillatus and H. takanoi are reproductively isolated, supporting Asakura et al. (2008) in their rebuttal to Sakai's (2007) objection to H. takanoi. It must be noted that allozymic analysis also did not reveal any signs of hybridization between H. penicillatus and H. takanoi (Takano et al., 1997) . Moreover, all individuals with mixed characteristics and unclear pigmentation in this study were identified as H. penicillatus by the RFLP method. While obviously this cannot be construed as proof of the lack of hybridization, for mtDNA provides information only on the maternal origin, it is suggestive because of the lack of reciprocal hybrids. Asakura and Watanabe (2005) , based on observation of morphological characters, suggested that European populations of Hemigrapsus, previously thought to be ''H. penicillatus,'' were in fact of H. takanoi. Likewise, this study shows that the partial 16S rRNA sequence of a specimen of ''H. penicillatus'' collected from La Gironde Estuary, on the Atlantic coast of France (Schubart, 2003) is (Gollasch, 1999) . On the Atlantic coast of France, H. takanoi was first recorded in 1994 (Noel et al., 1997) and now is found from the south of the Bay of Biscay to Germany, with some populations showing high abundance (Dauvin et al., 2009 ). Hemigrapsus sanguineus is another invasive species of Hemigrapsus found in Europe. It was first detected in a French harbor in 1999 (Breton et al., 2002) and now has been recorded in the western part of the English Channel and Germany (Dauvin et al., 2009; Dauvin, 2009) , the Adriatic Sea (Schubart, 2003) , and the Black Sea (Micu et al., 2010) . Hemigrapsus penicillatus has similar ecology as H. takanoi and could also become an invasive species in Europe. The method reported herein makes possible to distinguish these sibling species, and may provide useful information to detect and study new invasions. However, this study examined specimens from a relatively wide distribution area within Japan and did not detect any geographic genetic variation. Thus, in order to reveal more details about the population structure of H. penicillatus and H. takanoi and to clarify the origin of the invasive population in Europe, longer regions of the 16S rRNA and possibly also other regions of the mt or nuclear DNA need to be analyzed.
